This Evidence-Based Practice paper is motivated by industry's identification of the lack of hands-on experience as one of the major competency gaps in engineering education. This need has led to the development of new engineering and technology curricula balancing theoretical knowledge with integrated hands-on experiences. While such curricula are a welcome development, less has been done to formally assess the learning gains specifically attributable to these new approaches. This paper describes a long-term project which has developed an innovative curricular model that provides students with hands-on skills highly sought by industry; as well as an accompanying standardized test to measure student achievement on the competencies spanned by the curricular innovation. It gives a formal summative evaluation of the curricular model; and describes a comparative study being undertaken to compare the learning gains achieved under the new curricular model with those attained by comparison groups studying the same content but without participating in the particular curricular innovation.
Introduction
Lack of practical, hands-on experience in manufacturing is one of the major competency gaps in manufacturing engineering education 1 . This paper reports on work that was undertaken to respond to this need through the development of the Manufacturing Integrated Learning Laboratory (MILL) concept. The MILL concept is predicated on the use of integrated projects spanning multiple courses to give students relevant and realistic hands-on experiences. It entails coordination of the hands-on activities in the multiple targeted courses around the unifying theme of designing and making a functional product 2, 3 . This was collaborative work between four institutions namely: Wayne State University, Prairie View A&M University, New Mexico State University, and Macomb College. Four knowledge areas were identified for study namely: (1) drafting/design, (2) manufacturing processes, (3) process engineering, and (4) CAD/CAM. A collaborative curriculum writing process was undertaken, in which a core set of common courselevel learning outcomes was developed, and an analysis was carried out to determine which outcomes contributed most to meeting institutional educational objectives. This resulted in a common core of learning outcomes serving the needs of all participating institutions. This forms the MILL Manufacturing Competency Model (MILL Model for short). The MILL Model was implemented at all four institutions 4 . The student outcomes and competencies addressed under the MILL curricular model are shown in Table 1 . 
C1
Describe and identify geometric modeling in CAD domain D2 Visualize objects 3-dimensionally C2 Perform computer-aided numerical control programming D3 Create orthographic views of objects
D4
Create 3D models using wireframe and solid modeling D5 Sketch objects freehand to communicate concepts
D6
Create constraint-based modeling using a state-of-the-art CAD program Implementing the MILL Model entails modifying existing courses by incorporating appropriate hands-on activities, but not developing new courses. Because it is implemented into existing courses, this approach makes the MILL Model both readily transferable and highly sustainable. Coordination of the hands-on activities in those courses around the unifying theme of making a functional product is the key to the innovation. The same physical product is encountered by students from different perspectives in different courses as they progress through the curriculum. Thus, students get to address a wide range of issues involved in the design, planning, fabrication, assembly and testing of an actual product. The MILL Model was implemented in five different educational programs at the four partner schools. Figure 1 shows some of the products made by students during this work at the various participating institutions. This shows that students were successful in acquiring hands-on manufacturing skills under the MILL Model based curricula at the various schools. There is evidence that despite the development of hands-on experiences for students such as the MILL Model, engineering schools continue to maintain a predominant emphasis on theory over practice 5 . The SME Education and Research Community's Curricula 2015 report examined the state of manufacturing education and industry, emerging issues, and opportunities for improvement 6, 7 . It says that as manufacturing becomes more established as a discipline, it is necessary to work towards a strong yet flexible core curriculum. There is a need for a consistent model that can be used to design and assess programs. It states that new methods impact how manufacturing can be taught. In particular it is essential to apply hands-on and distance education along with effective use of the Internet, and other computer aided engineering and manufacturing software 8, 9 .
Even where there has been an increase in the use of experiential learning in engineering, not a lot has been done to formally assess the learning gains directly attributable to these new approaches. Our work to date has established that the MILL Model is an innovative curricular reform that provides students with hands-on skills highly sought by industry. In addition, we have developed a psychometrically reliable and valid standardized assessment instrument to measure student achievement on the competencies spanned by the MILL Model as described below.
The Proprietary Standardized MILL Assessment Instrument
The MILL Model was structured to help address the industry-identified gaps in hands-on manufacturing experience, meet ABET student learning outcomes, and satisfy the respective participating institutions' specific program objectives. Current ABET criteria show a major shift away from reporting on process "inputs" (e.g., number of credit hours, volumes in the library). The focus has instead turned to institutions demonstrating through assessment and evaluation that they are reaching their desired outcomes 10 . This need to document program level outcomes implies that curricular innovations including the MILL Model also need to demonstrate their effectiveness in meeting the stated outcomes. To demonstrate the efficacy of the MILL Model, we developed a standardized assessment instrument to gage student attainment relative to the model's curricular outcomes.
There are two primary assessment methodologies used in the field of engineering education, namely: (1) descriptive (or qualitative) designs that describe the current state of a phenomenon, and (2) experimental (or quantitative) designs that examine how a phenomenon changes as a result of an intervention 11 . A third less established methodological approach, called 'mixed methods' involves the collection or analysis of both quantitative and/or qualitative data in a single study 12 . To assess student outcomes under the MILL Model, an experimental design was used to develop a proprietary parallel forms standardized test incorporating a hands-on manipulative to provide direct assessment of student learning. The four knowledge areas identified above formed the subscales of the test. Each subscale contains multiple competencies, which formed the test blueprint. See Table 1 for the individual competencies. The test questions developed frequently refer students to an accompanying physical artifact to tie in with relevant hands-on experiences. This approach, using a standardized test incorporating a physical manipulative to evaluate attainment of hands-on engineering competencies, is unique in the field.
Research Design for MILL vs. Comparison Student Performance
The MILL standardized test will be administered to students at the four MILL sites and three comparison sites in the form of a pre-test and a post-test to assess actual learning gains. Initial demographics indicate a wide spread of school-based criteria, the similarity of which will be confirmed via a series of chi-squared tests. The design is shown in Table 2 . In terms of data analysis, this research layout dictates a MANCOVA analysis on the O2 and O4 posttest scores with O1 and O3 pretest scores used as the covariates. The data analyses will be three-fold: (i) The omnibus hypothesis will determine the impact of the MILL intervention on the multiple outcome subscale measures.
(ii) There is no prior data among our MILL faculties, all of whom throughout the course of our previous project were trained in the MILL intervention and hence are homoscedastic with regard to their instructional delivery, to suggest they present random effects 13 . Despite the current popularity of testing for nesting effects in school based research, there is ample evidence in the literature that the automatic serial testing for "teacher" effects prior to "school (i.e., treatment vs. comparison)" effects is guaranteed to inflate the experiment-wise Type I error rate 14 . The inflation will reach almost twice nominal alpha in this context. Hence, the outcome variables will first be analyzed with a Bonferroni-adjusted ANOVA model to determine if a nesting effect exists prior to conducting a multivariate hierarchical linear model (MHLM) of a class within school by location analysis.
(iii) A meta-analysis will be computed on separate MANCOVAs with Stouffer's Z.
All statistical tests will be conducted at nominal α = 0.05 level. Preliminary tests of underlying assumptions (e.g., multicolinearity, normality), will be computed, with appropriate adjustments to prevent the inflation of experiment-wise Type I errors due to serial testing. Robust, non-parametric, or exact (e.g., approximate permutation) methods will be substituted as necessary. This is an innovative use of standardized testing for programmatic evaluation as opposed to standard comparison curricula. It can document attainment of specific targeted learning outcomes for accreditation and other assessment purposes. By comparing performance on the test instrument between intervention groups and comparison non-intervention groups, this work will document the learning gains directly attributable the MILL Model intervention.
Psychometric Analysis of the Standardized MILL Assessment Instrument
Preliminary testing at the participating schools in the 2014-15 academic year has provided data for analyzing the psychometric characteristics of the MILL standardized test instrument. Content validity of the test was assessed by the blueprint approach to test construction. The psychometric structure of the test was pursued through an item deletion approach. The entire item pool was administered to a total of N = 125 students; 89 at the MILL schools and 39 at the comparison schools. Below, we discuss the results of the preliminary testing.
Psychometrics
A variety of psychometric analyses were conducted on the test results. Item 2 of the 32 items was discovered to be problematic, and was deleted prior to psychometric analyses, leaving N = 31 items in the pool for examination.
Reliability
Internal Consistency is a measure of the internal homogeneity of subject matter. For example, the test is randomly split into two parts and the correlation, is computed on the scores for the two parts. This form of internal consistency is called split-halves, rSH, which is dependent on the fashion in which the test is split. Cronbach's α is an improvement on this. Conceptually, Cronbach's α is the long-run average correlation obtained from all possible permutations of splitting the test into two parts. For the MILL test instrument, Chronbach's α I was 0.783, and based on standardized items it was 0.783. Item statistics are presented in Table 3 , item-total statistics in Table 4 , summary item statistics in Table 5 , and total scale statistics in Table 6 . Based on reliability information; items 7, 25, and 31 are candidates for deletion, any of which would increase the total scale reliability above 0.80. Internal Validity Structure An examination of the psychometric structure was initially undertaken by exploratory factor analysis (EFA) methods. Principal components extraction with varimax rotation with Kaiser normalization was used, followed by two traditional methods of factor identification (i.e., scree plot, eigenvalue ≥ 1.0). In the first iteration of 32 items, a 10 factor solution was obtained, accounting for 63.3% of total variance explained. Results suggested the deletion of Q1, Q6, Q16, Q23, Q28, and Q33 due to loading on multiple factors. The second iteration suggested further elimination of Q9, Q10, Q12, Q15, Q27, and Q30; the third iteration the elimination of Q20, Q22, and Q32; and the fourth solution the elimination of Q25 and 31. The fifth and final iteration produced the final factor analysis solution.
The final exploratory factor scree plot is presented in Figure 2 below. The rotated component matrix (final 5 factor solution) is presented in Table 7 , Total Variance Explained in Table 8 , and Component Transformation Matrix in Table 9 . The final 5 factor model accounted for 60.8% of total explained variance. 
Item Statistics and Ability Grouping
Item statistics are compiled in Table 10 . The column titled P is also known as the item's difficulty index. P values close to 1 indicate the items are easy, whereas P values close 0 indicate the items are hard. For example, item 8 would be considered easy because 88% (P = 0.88) of the students obtained the correct answer, whereas item 20 would be considered hard because only 20% (P = 0.20) answered the item correctly. Ideally, in a standardized test, the average P value should be close to the middle, or P = 0.5. In this case, the mean P value is = 0.518, which is very close to the desired middle point.
The column titled D refers to item discrimination, which is an index of higher performing students' performance on that item as compared with lower performing students' performance. Values that are negative are candidates for exclusion. Hence, item 7 should be reviewed for that purpose. Generally, values of D closer to 0 indicate less discrimination ability, whereas values closer to 1 indicate more discrimination ability. However, this rule of thumb only pertains to items with a P value of 0.5. Items that are easier or more difficulty than average produce a truncated D scale, and must be interpreted accordingly, meaning values as low as D = 0.6 may represent maximal discrimination ability. The point-biserial (PB) correlation, also compiled in Table 10 , is another method of assessing discrimination ability, and generally follows the same rules of thumb in interpretation as in D. Ability grouping is also presented in Table 10 . It is an indication of the percent correct obtained by those students scoring below the median (Low) vs those scoring above the median (High). 
Conclusion
The data showed strong discriminatory ability for all test items. With an average difficulty index P of 0.518, the test instrument is very close to ideal for a standardized test. Together, these results indicate that this test is as a valid, high-quality instrument for assessing student achievement of MILL Model outcomes. To continue with the assessment process, the test was administered in Fall 2015 to the MILL implementations sites as well as the comparison sites as the Pretest. The test will be administered again in Spring 2016 as the Posttest. Learning gains between the two test groups will be compared to ascertain the relative gains (if any) that are directly attributable to the MILL model intervention, which is the objective of this work.
